ABSTRACT During a 17 month survey of air pollution in the town of Armadale, central Scotland, the concentrations of some metals (iron, manganese, zinc, lead, copper, chrome, nickel, cadmium, and cobalt) were measured in seven types of low technology sampler-four indigenous and three transplanted-at 47 sites. The geographical patterns of the concentrations in the samplers were compared on two types of map. For most metals, sites with high concentrations were present close to the foundry and also in the north of the town. The differences between the patterns of pollution shown by the various types of sampler probably reflected differing mechanisms for collection and different affinities for various sizes and types of metal particle.
During the late 1960s and for much of the 1970s, mortality from lung cancer and other diseases was exceptionally high in Armadale, a small industrial town in central Scotland.'`4 A cluster of deaths from lung cancer was found directly to the south west of the town's steel foundry, a source of local air pollution. 5 6 Subsequent epidemiological inquiries failed to incriminate tobacco or occupational factors as major causes of the high mortality from lung cancer,7 and hence the possible contribution of industrial air pollution to these epidemiological findings merited further investigation.
When airborne metals are emitted from sources near ground level, their concentrations can change substantially over short distances. When such types of emission are investigated, a high density of sampling sites is necessary.8 In Armadale the low height of the major source of pollution and the significant clustering of lung cancer necessitated sampling techniques sufficiently inexpensive to allow the relative concentrations of metals in air near the height of human inhalation to be measured at many sites throughout the town. As well as providing information about current patterns including seasonal Accepted 8 July 1986 fluctuations, the techniques were required to provide some indication of past patterns of pollution.
Samplers used in studies of atmospheric pollution fall into two major categories: high technology samplers and low technology samplers. The use of high technology samplers in Armadale was precluded for several reasons: their tendency to break down when exposed for long periods, the cost of monitoring at numerous sites, the absence of power supplies at the peripheral areas of the town (battery power was impractical because of the need to change the batteries frequently), and the lack of sites that were both secure and scientifically acceptable (high or inaccessible to minimise vandalism and sufficiently exposed to avoid the distortions caused by shelter but without exposing the mechanical parts to bad weather). Low In an earlier part of the survey 47 sampling sites had been shown to provide adequate coverage for the town,10 with more sites per unit area assigned to the vicinity of the foundry and to the district of the town where the cluster of lung cancer had been found." The earlier studies had also identified the species of moss and lichen present in all parts of the town which could be used as indigenous samplers. Further preliminary work had also answered methodological problems such as the effects of sampler size and duration of exposure on their collection of metals and questions about their reliability. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] In the main survey using low technology samplers it was decided to deploy both indigenous and transplant samplers. The indigenous samplers were moss (Hypnum cupressiforme), lichen (Lecanora conizaeoides), grass (Agropyron repens), and surface soils. The transplant samplers were spherical nylon bags of acid washed Sphagnum moss (SMBs), small branches covered in the lichen Hypogymnia physodes, and small rectangles of a synthetic fabric called tak wrapped around plastic hair rollers. The properties, preparation, and deployment of these samplers have been described in detail elsewhere. " -' In the present paper we compare the concentrations of various metals in the different types of sampler and discuss the resulting map patterns.
Methods
In the survey using indigenous materials composite samples of each type of sampler were collected from the 47 sites in Armadale in January 1981 (fig 1) , as described above."I - ' The concentrations of iron (Fe), manganese (Mn), zinc (Zn), lead (Pb), copper (Cu), chromium (Cr), nickel (Ni), cadmium (Cd), and cobalt (Co) in the samples were analysed by flame atomic absorption spectrophotometry.
The transplant survey, which lasted from May 1981 to October 1982, consisted of eight batches (exposures), each of which lasted two months (with the exception of the fourth batch which lasted three months because of adverse weather). At the same 47 sites that were used for the indigenous samplers, sampling heads were attached, at a height of 2 m, to a bamboo pole. Each sampling head, which was a plastic coated wire loop, supported one example of each type of transplant (fig 2) . After exposure in the field, the concentrations of metals in the transplants were analysed following the procedure used for the indigenous samplers. The final values for the metals collected by the transplants were obtained by subtracting the concentrations in the unexposed samplers from those in the exposed ones.
To illustrate the concentrations of metals at individual sites throughout the town, grid maps were constructed using the Camgrid computer mapping package, with the range of each data set being divided into five equal intervals; only the maps for Fe and Mn (the conventional markers of the steel industry) and Cr (used in special steel production) are presented in this paper. To indicate the probable flow of metallic pollution in the town, maps of the estimated concentrations of Fe, Mn, and Cr in the three transplants and Hypnum were constructed using the GLIM statistical computer package, which allows relative concentrations to be estimated for locations lacking samplers; contour bands contained letters of the alphabet corresponding to the relative concentrations of a metal within any one map, "A" representing the lowest concentrations.
The mean concentrations of each metal for the whole town in the different types of sampler, and the related coefficients of variation, were compared. For this purpose, the minimum concentration of a given metal in the indigenous samplers at any site was taken as an approximation to the background concen (14) , 10 (4), 13 (6) , 16 (7) ; in soils, the values were: 8 (14) , 12 (16) , 16 (8) , 20 (7) , 24 (2) 2067 (14) 133 (7) 259 (4) 138 (11) 32 (3) 78 (1) 86 (8) 6-4 (2) 3022 (13) 200 (1) 387 (2) 206 (4) 5 (25) 1252 (16) 106 (12) 151 (5) 33 (9) 22 (5) 7(1) 57 (13) 10 (17) 1780 (7) 147 (6) 227 (4) 49 (2) 32 (0) 11 (1) 83 (5) 14 (4) 2309 (0) 189 (2) 302 (0) 66 (0) 43 (0) 14 (1) 110 (2) 19 (0) 2837 (1) 230 (3) 378 (1) 82 (1) 53 (1) 18 (1) 136 (1) 23(l) Soils 3743 (2) 137 (9) 136 (27) 69 (27) 23 (16) 118 (5) 38 (32) 20 (4) 6211 (0) 214 (12) 228 (15) 132 (15) 38 (14) 169 (23) 53 (6) 40 (0) 8679 (0) 292 (12) 321 (4) 196 (3) 53 (10) 221 (11) 68 (5) 6-0 (17) 11147 (13) 369 (11) 413 (0) 259 (1) 68 (4) 273 (5) 83 (2) 8-0 (20) 13615 (32) 446 (3) 506 (1) 322 (1) 83 (3) 324 (3) 97 (2) 10 (6 Because soils and grass have close physical and biological relations, their patterns of metal pollution were expected to be more similar than was found. Several factors may have caused these discrepancies. Firstly, variations in the type of parent rock and soil profiles22 and the 47 sites could have reduced the degree of comparability with the other samplers at the same sites; furthermore, although the nutrient uptake by the root systems of grass is likely to cause its metal content to reflect that of the underlying soil, the degree of the grasses' contamination by soil splash could have varied between sites. Secondly, metal concentrations in surface soils may be modified by the type of overlying vegetation: some metals are added from decaying plant material; a dense covering of vegetation inhibits metal collection by the soils, whereas a less dense covering can trap particles which would otherwise have been washed away; root respiration can decrease the soils' pH, thereby enhancing the leaching out of metals; plants' roots can translocate metals in both directions between the plants and the soils. Thirdly, undisturbed surface soils are difficult to find, and cryptic disturbances in the soils of Armadale could have caused some of the variation in their metal concentrations. Fourthly, properties of soil, such as pH, organic content, texture and water example, the atmosphere was uniquely important for content, can aiter its metai content.-, rinally, micro the moss and lichens, whereas grass derived metals and macro flora and fauna living in the soil can from both the soil and the atmosphere, and the soils increase or decrease its metal content, depending on gained metals from all sources in the biosphere. their activities; the effects of these metabolic activities Thirdly, whereas the plant samplers collected metals on the metal concentrations in soils must differ from notably by passive cation exchange, with some metals such as Fe being preferentially taken up, the soils collected all metal particles making contact with them; the grass could also have taken up some metals Mn The two types of indigenous lower plant, Lecanora and Hypnum, had been expected to show similar patterns of metal deposition: their sampling heights and mechanisms for collecting metals were similar, and both were living and epiphytic so that most metals would be taken up from the atmosphere with only minimal contamination from substrate. There were, however, discrepancies between their deposition patterns for the same metal; and when correlations were calculated between the concentrations of metals in the two types of sampler, only those for Fe and Cd were significant, and those for Zn, Cu, and Cr were negative (manuscript in preparation). Apart from the reasons already discussed for differences in the metal pollution patterns of the four indigenous samplers, Lecanora is more adapted to adverse environmental conditions than is Hypnum, and hence the metal concentrations in the former are less likely to be influenced by factors such as air pollution. Hypnum also suffers from contamination by run off which leeches soil particles from the soil like material present below this species of moss; the attempt to reduce this contamination by rinsing the moss under a jet of distilled water could have dislodged some of the metallic particles which had been bound to the cells by cation exchange.
Generally, there was a greater comparability between the patterns of deposition in the transplanted samplers than between the patterns in the indigenous Lloyd, Gailey samplers. Two main factors might have been responsible: firstly, the background concentrations were more consistent in the transplants, especially in tak but also in the SMBs from which most of the exchangeable metal content had been leached before exposure; and secondly, the types of transplant were exposed for the same periods and on a shared sampling head at each site, and hence were subject to the same variations of environmental conditions including atmospheric concentrations of metals.
The patterns of deposition in the SMBs were more comparable with those in tak than with those in Hypogymnia. This finding, unexpected because moss and lichens are both lower plants, may have had several causes: only Hypogymnia was a living sampler, and hence only its metal concentrations were liable to vary for the metabolic reasons already described for the living indigenous samplers; its collecting surfaces are more variable physically than those of tak and the SMBs; having been transplanted directly from its habitat into the field, its background concentrations were less uniform; because it required no preparation before being transplanted, its contamination by metals was probably greater and more variable; its positioning on the sampling heads was at an angle of 450, whereas the positioning of the SMBs and tak allowed airborne metals to be collected equally from all directions; and when the samples of Hypogymnia were removed from their substrates after exposure, some of the substrate unavoidably remained in some samples, causing their contamination.
Despite the different ways in which metals are retained in SMBs and tak, the discrepancies between their patterns of deposition of a given metal were minor. In tak the particles are entrapped by its mesh or adhere to its surface; in the SMBs metallic particles are trapped by the leafy structure of the moss, where many are retained by the mechanism of cation exchange with its sequence for preferential uptake.24 Hence, it was possible that different types of metal and sizes of particle were collected by the two samplers. Furthermore, the concentrations of metals collected by Sphagnum depend greatly on its moisture content, which may explain why the concentrations of most metals in the SMBs increased with the decreasing temperatures, when there is less evaporation (manuscript in preparation). Tak has a more uniform collecting surface and a more consistent preexposure concentration; its extremely sticky surface was likely to collect particles from any object it touched, increasing the chance of accidental metal contamination; on the other hand, some of the particles adhering to its surface may have been dislodged when the tak samplers were rolled before being fitted into the digestion flasks for chemical analysis.
